We discuss the visibility of gamma lines from dark matter annihilation. We point out a class of theories for dark matter which predict the existence of gamma lines with striking features. In these theories, the final state radiation processes are highly suppressed and one could distinguish easily the gamma lines from the continuum spectrum. We discuss the main experimental bounds and show that one could test the predictions for gamma lines in the near future in the context of simple gauge theories for dark matter.
INTRODUCTION
There are many evidences today of the existence of dark matter (DM) in the Universe, and thanks to many impressive experiments we know that the energy density in form of cold dark matter must be, approximately, Ω DM h 2 ≈ 0.12 [1] . Unfortunately, we only know the amount of dark matter we need to be consistent with the experiments, i.e. we know nothing about its nature. Thanks to the imagination and creativity of our physics community, we have a large list of possible candidates for the cold dark matter.
From the theoretical point of view, the weakly interacting massive particles (WIMPs) are still, in our opinion, one of the best candidates for cold dark matter. The existence of WIMPs is predicted in many extensions of the Standard Model (SM) and one can understand most of their properties. In theories for physics beyond the SM, one can explain the stability of WIMPs, compute their relic density and understand the predictions for direct and indirect dark matter experiments.
We have several ways to look for signatures from particle dark matter candidates: a) Direct detection, b) Indirect detection, c) Signals at colliders. In direct detection experiments, one looks mainly for signatures due to the scattering of WIMPs with nucleons or electrons. However, these processes could be highly suppressed or not even possible. At colliders, one could observe missing energy signatures related to dark matter but, since one cannot probe the stability of the DM, one needs results from other experiments to confirm the existence of DM.
In indirect detection experiments, one looks for signals from DM annihilation into SM particles. For example, one looks for the DM annihilation into leptons, quarks, neutrino lines or gamma lines. In general, we do not know if the DM couples to any SM particle and then we cannot be sure about this possibility. The gamma lines from DM annihilation are, perhaps, the most striking signatures which are free of any astrophysical backgrounds or issue about modeling the propagation of the annihilation products. Gamma lines could be generated even if the DM does not couple to any SM particle; one needs only some interactions with electric charged particles. If one day these gamma lines are observed in current or future gamma-ray telescopes, one could make a map of the DM halo in a given galaxy. Unfortunately, these processes are quantum mechanical and often suppressed. See Ref. [2] for a review about the predictions of gamma lines in different models.
In this article, we investigate the predictions for gamma lines from DM annihilation in models where the DM lives in a Hidden sector. See Fig. 1 for a simple illustration of our main goal. The fact that we do not see any signal in current DM experiments may be suggesting that the DM does not have any direct coupling to the SM fields and lives in a Hidden sector. Now, the observation of gamma rays depends on two main factors: a) the annihilation cross section should be large to be able to see a signal at gamma-ray telescopes, b) the continuum spectrum generated by other physical processes must be suppressed in order for the gamma line to be visible. In a given DM model, one can have physical processes such as final state radiation emission which may spoil the visibility of gamma lines. In Fig. 2 , we show a cartoon which schematically pictorizes when one could observe the gamma lines from DM annihilation.
In this Letter, we point out a class of theories for dark matter which predict the existence of gamma lines with striking features. In these theories, the final state radiation processes are highly suppressed and one could distinguish easily the gamma line from the continuum spectrum. We discuss the main experimental bounds and show that one could test the predictions for gamma lines in the near future in the context of simple gauge theories for dark matter.
DM ANNIHILATION INTO GAMMA RAYS
In Fig. 1 , we show a simple illustration of the possible connection between the Hidden and SM sectors. The Hidden sector contains, by definition, only new fields which are not charged under the Standard Model gauge symmetry. One can imagine many ways to define the connection between the DM and SM sectors. This connection defines the predictions for DM direct and indirect detection experiments. Unfortunately, the current DM direct detection bounds tell us that, soon, one may reach the so-called neutrino floor, making more difficult the detection of DM in direct detection experiments. However, one could, in general, expect the existence of gamma lines due to the DM annihilation into gamma rays, i.e. DM DM → γγ, γZ, γh. These signatures are very striking and almost background free. The energy of these gamma lines is given by
where M i = 0, M Z , M h for the DM DM → γγ, γZ, γh annihilation channels, respectively. Therefore, one would know the dark matter mass if one of these gamma lines could be observed in the near future. Now, in a given dark matter model, one can have final state radiation processes such as DM DM → SM SM γ which may spoil the visibility of the gamma lines. The maximal energy of the photon in the final state radiation processes is given by
where M SM is the mass of a Standard Model electric charged field. We note that, typically, this process occurs at tree level while the gamma lines discussed above are quantum mechanical processes. Therefore, the relevance of the final state radiation with respect to the gamma lines will be crucial to determine whether they can be observed or not. The fact that they can be distinguished from the continuum spectrum will depend on the features of the model, as well as the nature of the DM candidate. Let us start discussing different DM candidates:
• Scalar DM In the scenario where the DM is spinless, φ, one always has the Higgs portal term φ † φH † H. Therefore, the annihilation into two SM fermions is, in general, not suppressed. The final state radiation processes where one emits a photon from one of the SM fermions coming from the DM annihilation are also not suppressed. Since the final state radiation processes are tree level processes and the gamma lines are quantum mechanical ones, the visibility of the gamma line is in general spoiled. If the mediator between the DM and SM sector is a gauge force, the DM annihilation into two SM fermions is velocity suppressed, and the same occurs with the gamma lines. Therefore, in the simplest DM scenario with scalar DM, one could not distinguish the gamma lines from the continuum spectrum.
• Dirac DM One can imagine many possible scenarios for Dirac DM. Here, we will focus our discussions in the context of simple gauge theories for DM. In this context, the final state radiation processes,ΨΨ →f f γ, are not suppressed and, generally, one could not distinguish the gamma lines generated by DM annihilation from the continuum spectrum. One could consider, however, models where the DM annihilation takes place through a scalar mediator. In these scenarios, the Higgs portal term between the mediator and the SM Higgs will determine the annihilation channels and one will have a similar situation as in the scalar DM scenario mentioned above.
• Majorana DM One can have simple gauge theories for dark matter where one has gamma lines with striking features when the DM is a Majorana fermion. In these scenarios, the DM annihilation through the new gauge boson in the theory is velocity suppressed and then the final state radiation processes are highly suppressed. If the amplitudes relevant for the gamma lines are not velocity suppressed, then we can hope to observe the gamma lines, since they can be distinguished from the continuum spectrum.
In this article, we will discuss the simplest gauge theories for Majorana DM where the final state radiation processes are highly suppressed and it is possible to observe the gamma lines from DM annihilation. These DM theories have a few features: a) We have a Hidden sector which contains the DM candidate, b) The connection between the DM and SM sectors is defined mainly by the new gauge force, c) The SM fermions are charged under the new force, U (1) X , which we assume that it is an Abelian force for simplicity.
The Lagrangian relevant for our discussions is given by
where g is the gauge coupling associated to the new force. The subindex V and A refer to the vector and axial components of the new gauge interaction, respectively. Here, χ is the Majorana DM candidate, Z µ is the new gauge boson and f is any of the fermions of the theory. We assume that the theory has the right fermion content in order to be anomaly free. However, henceforth, we will only consider the SM fermions without loss of generality, since they will give the most relevant contributions to the cross section. The possible topologies through which the Majorana DM candidate can annihilate into gamma lines are shown in Fig. 3 . The fermions in the loop are SM fermions. We note that, in general, the Higgses present in the theory can mediate these processes, but these contributions are not relevant for our discussions because they are velocity suppressed and, therefore, neglectable. In the following, we will only consider the cases mediated by the new vector boson. Again, we would like to emphasize that, in order to observe these gamma lines in indirect searches, the cross section for the gamma lines must be much larger than the cross section for the final radiation processes. See Fig. 4 for the contributions to the final state radiation processes. In the case we study here, the squared amplitude for the FSR can be written in the following way
Then, the FSR is suppressed either by the mass of the Z or the velocity of the dark matter candidate. See appendix B for the explicit form of the coefficients A and B in the above equation. Therefore, one can have striking predictions for Majorana dark matter candidates in the context of these gauge theories. We note that, on the other hand, the DM-nucleon elastic scattering is also velocity suppressed. Therefore, direct searches will be, in general, suppressed and close or below the neutrino floor limit.
In Table I , we show the different combinations of couplings which can give us non-zero contributions to gamma lines. Let us discuss some main features of the gamma lines: (a) the term proportional to n f V entering in the DM annihilation into Zγ is insensitive to the mass of the fermions running inside the loop. The amplitude is proportional to
which is zero for any well defined theory, ensured by the anomaly cancellation. In the same way, any combination of the charges coming from the loop which is insensitive to the fermion masses will be zero, i.e. the following combinations:
(b) The annihilation cross section into hγ is velocity suppressed and we can neglect it.
We would like to emphasize that, for any vector mediator connecting the fermionic dark sector with the fermions of the theory, only the theories that accommodate fermions that couple axially to the new gauge boson will be relevant for indirect detection, as summarized in Table I . This result has dramatic consequences for anomaly free theories such as U (1) B−L , U (1) B−3Li or U (1) Li−Lj , in which no relevant gamma line for indirect searches is expected. In spite of this, in the next section, we will introduce a set of well-motivated theories which satisfy the above theoretical requirements of being testable in the context of indirect searches.
DM THEORIES AND VISIBLE GAMMA LINES
In the previous section, we have mentioned that the connection between the SM and the Hidden sectors will be defined by a new gauge force. In this section, we will discuss two main classes of gauge theories for dark matter where the final state radiation processes do not overcome the gamma line signals:
• Model I: One can have a simple anomaly free theory, adding three right handed neutrinos, when we gauge a linear combination of the weak hypercharge and the baryon minus lepton, B − L, quantum numbers, i.e.
We note that the new gauge boson will have axial couplings to the SM fermions. As we have previously discussed, this is the crucial ingredient for a theory with spin one mediator to be testable in indirect searches. The relevant interactions for the annihilation into gamma lines are given by the following Lagrangian:
In Fig. 5 , we show the expected annihilation cross section into γγ and Zγ for the case a = 1 and b = −5/4, motivated by the embedding in GUTs; the Abelian gauge symmetry with a = 1 and b = −5/4 is obtained from SO (10) . We show the numerical predictions for different choices of the new gauge boson mass together with the experimental bounds from Fermi-LAT [3, 4] and H.E.S.S. [5] collaborations. We note that these DM annihilation processes are independent of the parameter b. For the predictions shown in Fig. 5 , a relic abundance of Ωh 2 = 0.12 is assumed and we do not stick to any specific mechanism to explain the relic density. As the figure shows, for light masses of the new mediator, one can hope to test these signals. However, since the new mediator couples to the charged leptons, the model is sensitive to the collider bounds, particularly to the strong bound coming form LEP2 [6] . Unfortunately, the LEP2 bounds forbid the parameter space where the predictions are close to the experimental bounds, see the shaded brown area in Fig. 5 . Therefore, only if the experimental bounds are improved by several orders of magnitude in the future, one could hope to test this model. force couples only to the quarks as follows:
The relevant interactions for our discussion are given by
This case is similar to the one presented in the last section with the difference that, now, the new gauge boson does not couple to the leptons and, therefore, the collider bounds are weaker than in the previous theory. See Ref. [8] for a detailed discussion of the collider bounds for leptophobic gauge bosons. We would like to mention that this model can be anomaly free if we add vector-like fermions to cancel all anomalies. Here, we are not interested in the details of a specific model.
In Fig. 6 , we show the two relevant dark matter annihi- collaborations, respectively. The projected bounds by the CTA collaboration [7] are shown by the dashed green line.
lation cross sections for the emission of gamma lines. Here, we show the predictions with the SM fermions, since are the ones that will contribute the most in the annihilation cross sections through the fermionic loop, and assume that, given n L and n R , the model has the right UV-fermions to satisfy anomaly cancellation. This assumption is reflected in the use of Eq. 11 and Eq. 12 for the cross sections. We can see, in Fig. 6 , that the cross sections for gamma lines can be large in agreement with all experimental constraints. Therefore, there is a hope to test these predictions in current or future experiments. See Ref. [9] for the predictions of the gamma lines in a model where extra fermions in the loop can generate a large cross section for the gamma lines.
Gamma Lines Spectrum
We have discussed two simple classes of models for Majorana dark matter where the final state radiation processes are highly suppressed and one can have large cross sections for the gamma lines. Here, we show the spectrum for these gamma lines. The flux for the gamma lines is given by
where, in the last equality, the narrow width approximation has been applied. The J-factor, J ann , encodes all astrophysical assumptions made regarding the dark matter distribution.
Here, we will use the value J ann = 13.9×10 22 GeV 2 cm −5 [3, 4] for our numerical analysis. The spectrum function is given by
where W final is W γγ = δ(E 0 − M χ ) for the annihilation into two photons and
for the Zγ line. Here, we use a Gaussian function to model the detector resolution, G(E γ , ξ/ω, E 0 ), which reads as
where ξ is the energy resolution and ω = 2 √ 2log2 ≈ 2.35 determines the full width at half maximum, with the standard deviation given by σ 0 = E 0 ξ/w.
In Fig. 7 , we show the predictions for the spectrum for the gamma lines γγ and Zγ for the second model discussed above, where the new gauge boson couples only to the SM quarks. Here, we assume n R = 1/3 and n L = 0 for illustration. We show two different scenarios: In the upper-panel, we show the spectrum for the gamma lines when M Z = 110 GeV, M χ = 200 GeV, and g = 0.5. In this figure, one can clearly see the two gamma lines γγ and Zγ if the energy resolution is very good. In the lower panel, the results in the second scenario are shown for M χ = 500 GeV, M Z = 50 GeV and g = 0.4. As one can appreciate, the contribution from the final state radiation to the continuum spectrum is highly suppressed in these scenarios, and therefore the gamma lines can be distinguished from the continuum spectrum. These striking results tell us that one can have simple gauge theories for dark matter where the gamma lines form dark matter annihilation can be visible and the predictions can be close to the current experimental limits by Femi-LAT and H.E.S.S. collaborations.
SUMMARY
There are many ways to look for signatures in direct and indirect dark matter experiments, but gamma lines from dark matter annihilation are, perhaps, the most striking signatures which can reveal the nature of dark matter. In this article, we have discussed the visibility of gamma lines from dark matter annihilation in simple theories. We have shown that, in theories where the dark matter candidate is a Majorana fermion, the final state radiation processes are velocity suppressed and the gamma line can be seen above the continuum spectrum. We have studied two main classes of theories where the mediator between the Hidden and Standard Model sectors is a new Abelian gauge boson. In this context, the cross section for the gamma lines are not suppressed when the fermions inside the loop have an axial coupling to the new gauge boson.
We investigated two main classes of theories where the gamma lines can be distinguished from the continuum spectrum. In the first case, the new gauge boson couples to all standard model fermions and, although the gamma lines can be visible, the collider bounds rule out the parameter space where the cross section for gamma lines can be large. In the second class of theories, the gauge boson does not couple to leptons, and one can have large values for the annihilation cross sections for gamma lines in agreement with all collider bounds. These interesting results could help us to identify the theory for dark matter at the current or future experiments. for discussions and P. F. P. thanks the Walter Burke Institute for Theoretical Physics at Caltech for hospitality. The work of C.M. has been supported in part by Grants No. FPA2014-53631-C2-1-P, FPA2017-84445-P and SEV-2014-0398 (AEI/ERDF, EU), and La Caixa-Severo Ochoa scholarship. C.M. also thanks Case Western Reserve University for hospitality.
APPENDIX A. Cross Sections for the Gamma Lines
The annihilation cross section for the different annihilation channels mediated by the new gauge boson Z are given by:
• Cross section for the χχ → γγ annihilation:
• Cross section for the χχ → γZ annihilation:
• Cross section for the χχ → γh annihilation:
where we have the following loop functions:
and we have applied the anomaly cancellation conditions when simplifying the expressions. See Ref. [10] for the calculation of the gamma lines cross section in gauge theories for dark matter.
B. Final State Radiation
The amplitude squared of the processes contributing to the final state radiation can be written as an expansion on the velocity,
where the leading order term of the expansion is suppressed by the ratio (M f /M Z ) 2 . The coefficients that parametrise the above expression read as,
The DM annihilation to γf f is described by a three-body phase space and, therefore, the cross section is given by
In order to compute the continuum spectrum of the FSR, given by
one needs to integrate the differential cross section with respect to E f , which kinematic range is determined by the condition cos θ 2 1γ ≤ 1. According to this, the integration limits are given by
C. Experimental Bounds
Here we list the bounds from the Fermi-LAT [3, 4] and H.E.S.S [5] collaborations for the DM annihilation into two gamma rays, DM DM → γγ, and the corresponding bounds for the annihilation DM DM → Zγ. See the table below for the upper bounds on these cross sections. 
